Removing near-surface effects in the processing of 3C data is key to exploiting the information provided by convertedwaves. Receiver-side corrections are more challenging than source-side corrections due to the low velocities of S-waves in the near-surface. Analysis of PS-traveltimes in space-time domain shows that near-surface effects have a non-stationary expression in the data. This effect is enhanced when the nearsurface is structurally complex. Modeling results show that transforming the data to the τ-p domain moves the problem to a stationary state. Field data from a fairly complex geological setting are processed to assess the benefits of addressing nearsurface effects in the τ-p domain. For this purpose, convertedwave data are sorted into receiver gathers and a τ-p transform is applied. Then, crosscorrelation and convolution operations are performed to capture and subtract the near-surface effects from the data. Results show that this processing improves coherency and stacking power of shallow and deep events simultaneously. Shallow events benefited most from this processing due to their wider range of reflection angles.
INTRODUCTION
Removing the near-surface effects from converted-wave seismic data is a critical step in the processing of multicomponent data. Due to the nature of converted-wave propagation, receiver and source-side corrections are handled separately. The very low velocity of S-waves in the near-surface requires us to revisit some of the assumptions usually made for the processing of P-wave data: in particular the idea of vertical raypaths in the near-surface. Cova et al. (2014) shows that deviations of 10 • or more, combined with very low S-wave velocities can introduce a several millisecond discrepancy between true arrival time and that predicted with a vertical raypath assumption. Moreover, the presence of dip at the base of the nearsurface may enhance this effect. Henley (2012) introduced a method to remove S-wave nearsurface effects by using interferometric principles applied in the radial-trace (RT) domain. Cova et al. (2015) extended this idea to the τ-p domain, where no assumptions about the velocity model underlying the wave propagation are imposed. An important feature of this method is that near-surface effects are extracted from the reflected events themselves. Therefore, no event picking is needed. Moreover, Cova et al. (2015) shows how this methodology accounts for the non-stationary character of the S-wave near-surface effects.
Here we present a case study in which the near-surface effects were removed by using interferometric principles in the rayparameter domain. In contrast to the work presented by Cova et al. (2015) a dataset with fairly complex geology is processed in this study.
THEORY Traveltimes in τ-p domain
In a layered medium, the intercept time τ represents the aggregate vertical slowness-thickness product shown in equation 1 (Bessonova et al., 1974; Diebold and Stoffa, 1981; Hake, 1986) .
where q i is the vertical slowness q i = cos(θ i )/v i in the i-th layer and ∆z i is the layer thickness ∆z i = z i+1 − z i . The superscripts d and u denotes the downgoing and upgoing legs of the raypath , respectively. For PS-waves the downgoing vertical slowness is controlled by P-wave velocities and the upgoing by S-wave velocities.
To understand the effect of the near-surface on the receiver side we isolate and expand the upgoing contribution to the intercept time,
Assuming that the reference surface z 0 is at depth z 0 = 0 and re-arranging terms,
The second term in equation 2 represents the τ contribution from the base of the second layer to the surface with the velocity v 1 , as if the layer with velocity v 0 where not present in the model. Additionally, the third term in equation 2 contains the difference between the τ-contribution from z 1 to the surface due to vertical slownesses q 0 and q 1 . Therefore, to remove the near-surface effects amounts to isolating and subtracting this term from the total intercept time. The τ correction to remove the near-surface effect can be written as,
where q is related to the rayparameter p by,
Notice that equation 4 only depends on the depth at the base of near-surface layer, and the vertical slownesses for the nearsurface and the medium underneath. Therefore, for a constant rayparameter value we may expect the effect of the nearsurface to be stationary.
To illustrate this idea we performed a PS-raytracing over the velocity models in Figure 1 (a). Notice that no P-wave velocity contrast was included in the near-surface layer to simulate the condition that source-side corrections have already been applied. The resulting traveltimes are plotted in offset-time (Figure 1(b) ) and τ-p coordinates (Figure 1(c) ). The traveltimes obtained after replacing the near-surface layer with the same properties of the medium underneath, as if there were no low velocity layer, are overlaid on these plots. At first sight, both traveltimes curves seem to be parallel to each other, suggesting that a constant shift may be enough to match the traveltimes with and without the low velocity zone (LVZ).
However, to have a better idea of the difference between the two scenarios we subtracted the traveltimes and plotted them in Figure 2 . Figure 2 (a) reveals that an offset-dependent correction is needed to match the traveltimes with and without near-surface effects. For the shallow interface, positive offsets may require corrections in the order of 35.5 ms while on the negative offsets the correction amounts to 42.9 ms. In addition, the range of the correction differs for the deep interface. Since arrivals from the deep interface experience raypath angles closer to the vertical the traveltimes spent in the nearsurface are shorter than for shallower events. This suggests that a non-stationary correction will be needed to remove the near surface effect from both datasets simultaneously.
Figure 2(b) displays how the raypath dependency is accounted for in the τ-p domain. Moreover, the corrections needed to match the traveltimes with and without the low velocity zone are the same for both events. This illustrates how the nonstationary character of the near-surface effects become an actual static problem in the τ-p domain.
FIELD DATA PROCESSING

General description
The data used in this study was created by 209 sources spaced 20m apart. A maximum of 1540 channels per shot were recorded with a 10m receiver spacing in a split-spread configuration, providing a maximum offset of 7700m. Figure 3 shows the geometry of the line. Notice that source points start at receiver station 540. This implies that in receiver stations 1 to 500 nearoffset information will not be present, making the characterization of the near surface more difficult.
P-wave refraction statics were computed after first break picking on the vertical component data. This static solution provided the source-side corrections used later in the processing of the horizontal components.
Near-surface corrections
The processing work flow used in this study is based on the ideas presented by Cova et al. (2015) and Henley (2012) . In general, this flow consists in moving the data to a raypathdependent domain (i.e τ-p, radial-trace, etc) and building common ray-parameter panels. These panels are then crosscorrelated with a set of pilot traces that must resemble "static-free" data. The output cross-correlation functions should capture the delays and phase disturbances caused by the near-surface. Therefore, they can be used as matching filters, which convolved with the original data remove the near-surface effects. After completing these operations the data are returned to their original domain by applying an inverse transformation. events in the red box is deformed. This type of deformation which seems consistent along the trace is evidence of receiver statics. This can be confirmed by looking at the common receiver stacks sections displayed in Figure 7 (a). These figures show how the continuity of the events is interrupted by "jumps" that affect the full length of the traces.
The first step in the workflow to remove the near-surface effects is to sort the data into receiver gathers and transform them to the τ-p domain. It is important that the parameters chosen for the transformation preserve all the important data originally recorded. For this reason we recommend application of an inverse transform to the data, before doing any further processing, such that the proper recovery of the original data can be confirmed.
The next step is to sort the data into ray-parameter panels. Figure 5 (a) shows all the traces with a ray-parameter value of −5 × 10 −4 s/m recorded at each receiver location. Then, pilot panels are computed by enforcing continuity of events across receiver stations. To create the pilot panels a horizon that follows the structural trend of the geology was picked and used to flatten the data. Then, a trim static correction and trace-mixing process were applied to remove any shift between traces and enhance lateral continuity. Then, the structural trend was added back to the traces. Figure 5(b) shows the pilot panel for the ray-parameter value −5 × 10 −4 s/m.
Next, a sequence of crosscorrelation and convolution operations are carried out, which effect addition and subtraction of traveltimes. First, the near-surface effects are captured by cross-correlating the raw ray-parameter panels with the pilot panels. Figure 5 (c) shows the output of this process. The spectrum of this set of crosscorrelation functions has been whitened by using a spiking deconvolution. With this step, we seek to produce a set of inverse filters with a sufficiently wide spectrum that the original data spectrum is preserved in what follows. Finally, the near-surface effects are removed by convolving the raw ray-parameter panels with the set of conditioned crosscorrelation functions. The output of this process is shown in Figure 5 (d). There we can see how the continuity of the events has been improved by removing the jittering that was present in the data. Figure 6 shows the dependence of the delay times captured by the crosscorrelation functions upon both receiver location and ray parameter. We can see how for a fixed receiver location (Figure 6(a) ) near-surface corrections range between +10 ms and -30 ms, depending upon the ray parameter. In Figure 6 (b) the variation of delay times with receiver location for a constant rayparameter value p = 0 s/m is plotted. This plot give us an idea of the spatial variation of the near-surface effects. These values range between +15 ms and -20 ms.
After all the ray-parameter panels are individually corrected, the data are sorted back into receiver gathers and an inverse τ-p tranformation is performed. Figure 7 displays common receiver stacks before and after near-surface corrections. Notice how after removing the near-surface effects, the continuity of the events is dramatically improved, not only in the area where reflectors are flat but also on the west end of the section where dipping reflectors are present. We can also observe how resolution and continuity of the events shallower than 0.8 s has been enhanced. This is because these events contain data observed over a wider range of reflection angles. Therefore, they will benefit the most from removal of the near-surface effects in a raypath consistent framework.
CONCLUSIONS
The eventual unified use of the full elastic wave field in onshore quantitative interpretation and full waveform inversion frameworks places a high bar on data conditioning and preprocessing. This is particularly true for S-wave modes, and specifically for their characterization in the near surface. The ability of raypath-consistent corrections to accommodate nearsurface effects for shallow and deep events simultaneously is one of the most important features of this type of processing. In the processing of deep reflection data the assumption of vertical ray-path angles may be sufficient for the use of a surface consistent approach. However, the very low velocity of S-waves and the ability of shallow events to reach wider reflection angles requires a raypath-dependent framework. The methodology we showed in this study demonstrates how this can be achieved even when the geology of the area presents some structural complexity.
